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(54) Abstract Title
Flow control apparatus and method

{57) A method for obtaining equalized production from deviated wellbores comprising a plurality of spaced
apart flow control device 20a-n which are deployed along the length of the wellbore 14. Each control device
includes a flow valve 24a-n and control units 26a-n to control flow output from the flow control device. The
control unit may communicate with surface equipment 50 or act autonomously to take actions downhole
based on programmed instructions provided to the controf unit. The fluid from various zones Zy-Z,, are drawn
in a manner that depletes the reservoir uniformly along the entire length of the wellbore. Each flow control
device is initially set at a rate determined from initial reservoir simulations or models. The depletion rate,
water, oil and gas content, pressure, temperature and other desired parameters are determined over a time
period. This data is utilised to update the initial reservoir madel, which in turn is utilised to adjust the flow rate
from one or more zones so as to equalize the flow rate from the reservoir. The present invention also provides
a flow control device which includes an outer shroud {fig28,235) that reduces the effect of fluid impact on the
flow control device and one or more tortuous paths (fig2A,214) which carry the formation fluid into the
production tubing (fig2A,220).
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Horizontal Well with Permeabilty Contrasts and Shale

/700.

/' 706 .
High Shale High
Permeabilty Section Permeabilty

The well has been drilled, logged and geophysical map has been created
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W M Figure 7B

High Shale High
Permeabilty Section Permeabilty

Reservoir Inflow Control Device Is Run In Place
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, _ Figure 7C
High Shale High
Permeabilty Section Permeabilty

Reservoir Inflow Control Device Is Installed
And Production Liner Can Be Run
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2325949

FLOW CONTROL APPARATUS AND METHOD

OF N
1.  Eisid of the inventien

This invention relates generally to methods of producing hydrocarbons

from wellbores formed in subsurface formations and more particularly io

' apharatus and methods for regulating and/or equalizing production from

different zones of a wellbore to optimize the production from the associated-

reservoirs or pay zones.
2.  Background of the Art

To produce hydrocarbo.ns from earth formations, wellbores are drilled
into reservoirs or pay zones. Such wellbores are completed and perforated
at one of more zones 10 recdver hydrocarbons from the reservoirs.
Horizontal wellbores are now frequently forméd into a pay zone 10 increase

production and to obtain on the aggregate higher quantities of the

hydrocarbons frorm such reservoirs.

Sand screens of various designs and slotted liners are commonly

placed between the formation and a tubing (production tubing) in the
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wellbore, which transports formation fiuid to the surface to prevent entry f

_ sand and other solid particulates into the tubing. Screens of different sizes

and conﬁgdration are commonly used as sand control devices. The prior art
séreens typically erode substantislly over time. The present invention
provides a screen which is less susceptible to erosion co:ﬁpared to prior art

screens. .

Excessive fluid flow rates from any production zone can causé,
among other things, excessive.pmsure drop between the formation and the
wellbore casing, relatively quick erosion of inflow devices, water or gas
coning, c_av"mg, etc. Therefore, to avoid such problems, fluid fiow from each
production zone is controlled or regulated. Several flow control devices have
been utilized for regulating or controlling production of fomation fluids. One
rédent device passes the formation fluid through a spiral around a tubular to
reducé the pressure drop before the fiuid is allowed to enter the tubing. The
spiral provides a tortuous path, which can be plugged at one or more places

to adjust the fluid flow from the formation to the tubing. This device,

_ although effective, must be set at the surface prior to its installation. United

States Patent Application Serial No. 08/673,483 to Coon, filed on July 1,
1996, and assigned to the assignee of this application, discloses an

electrically operable sliding sleeve for controlling fiuid flow through a
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tortuous path. This sliding sleeve may be operated from the surface. U.S.
Application No. 08/673,483 is incorporated herein by reference. The

present invention provides a flow control device that can be opened, closed

or set at any intermediate flow rate from the surface. It also includes

multiple fluid paths, each of which may be independently controlled to

control the formation-fluid flow into the tubing.

In vertical wellbores, several zones are produced simultaneously. In
horizontal wellbores, the wellbore may be perforated at several zones, but
is typically produced from one zone at a time, This is because the prior art

methods are not designed to equalize flow from the reservoir throughout the

entire wellbore. Further, the prior art methods attempt to control pressure

drops and not the fluid flows from each of the zones simuitaneously.

The present invention provides methods for equalizing fluid flow from
multiple producing zones in a h'crlzontal wellbore. Each production zone may
be independently controlled from the surface or downhole. This invention
also provides an altomative systém wherein fluid flow from va&w zones is

set at the surface based on reservair modeling and field simulations. -
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SUMMARY OF THE INVENTION

The present invention provides a fluid flow control device for
controlling the fomtﬁn-fluid fl;aw rate through a production string. The
device includes a generally tubular body for placement into the wellbore.
The tubular body is lined with a sand screen and an outer shroud. ;I'he
shroud reduces the amount of fluid that directly impacts the outer surface
of the screen, thereby reducing the screen erosion and increasing the screen
life. The fluid from the screen flows into one or more tortuous paths. Each
tortuous path has an associated flow control device, which can be activated
1o independently open or close each tortuous path. Altemnatively, flow from

each path may be regulated to a desired rate.

Each flow control device further may include a control unit for

controlling the output of the flow control device. The control unit may

communicate with a surface control unit, which is preferably a computer-
based system. The control unit performs two-way data and signal
communication with the surface unit. The control unit can be programmed
to control its associsted device based on command signals from the surface
unit or based on programs stored in the c;ontml unit. The communication

may be via any suitable data communication link including a wireline,
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acoustic and electromagnetic telemetry system. Each flow contr | device
may be independently contolied without interrupting the fluid flow through

the production string. The flow control devices may communicate with each

_ other and control the fluid flow based on instructions programmed in their

respeciive control units and/or based on command signals provided from the

surface control unit.

in a preferred method, a plurality of spaced apart flow control _device
are deployed along the length of the horizontal wellbore. 'ln one method of
the invention, it is preferred to draw ﬂuids from various zoneés in a hanmr
that will deplete the ro;servoin_'.uniformly along the entire length of the
wellbore. To achieve uniform depletion, each flow control device is initially
set at-a rate determined from initial reservoir simulations or models. The
depietion rate, water; oil and Agas éontent, pressure, temperature and other
desired parameters are determined over a time period. This data is utilized
to update the initial reservoir model, which in turn is utilized to adjust the

flow rate from one or more zones so as to equalize the flow rate from the

reservoir.

in an altemative method, production zones are defined and flow

setting for each zone is fixed at the surface prior to installation of the flow
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control devices. Such a system is relati\(ely inexpensive but would only .

partially equalize the production from the reservolr as it would be based on

a priori reservoir knowledge.

The present im)ention provides a method of producing hydrocarbons
from a reservoir having a déviatedlsubsténﬁally horizontal wellbore formed
therein, said method, comprising: (a) placing a-plurality of flow control
devices in the wellbore, each flow control device set to produce formation
fluid at an initial raté assoéiated with each such flow control device; (b)
determining at least one charac;terisﬁc of the fluid produced through the

wellbore; and (c) adjusting'the flow rate through said flow control devices

so as to equalize depletion of hydrocarbons from.the reservoir over a time

period.

Examples of the more important features of the invention have been
summarized rether broadly in order that the detailed description thereof that
follows may be better understood, end in order that the coﬁtﬁButions to the;
art may b; aﬁpreciated. There are, of course, additional features of the
invention that v;lill be described hereinafter and which will form the subject

of the claims appended hereto.



10

1

12
13
14

15

16

17
18
19
20
21

W

For detailed understanding of the present invention, reference should
be made to the following detailed description of the preferred embodiment,
taken in conjunction with the accompanying drawings, in which like elements

have been given like numerals, and wherein:

FIG. 1 shows a horizontal wellbore having a plurality of spaced apart
flow control devices for producing hydrocarbons from a reservoir accotding

to one method of the present invention.

FIG. 2A shows a partial schematic view of a flow control device for

use in the system shown in FIG. 1.

FIG. 2B shows a partial cut off view of a sand control section for use

. with the flow control device of FIG. 2A.

F1G. 3 shows control devices and certain sensors for use with the flow

control device of FIG 2A.

FIG. 4 shows a hypothetical graph sthing the flow rate from.various
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zones of a horiz ntal wellb re according to one method of the present

invention,

FIG. 5 shows a relstionship between the pressure differential and the

flow rate associated with various production zones of a wellbore.

FIG. 6 shows a scenario relating to the effect of adjusting the flow
rate from a production zone on production of hydrocarbons and water from

such zone.

FIG. 7 shows an slternative method of equalizing production from a

reservoir by a horizantal wellbore to the method of system of FIG. 1

FIG. 1 is a schematic illustrating a syétem 10 for producing
hydrocarbons from a wellbore according to one method of the p‘t%em
invention. FiQ. 1 shows a wellbore 14 having an upper casing 12 formed in
an earth formatlon-1 T according to any known method. A plurality of fluid
flow devices or fluid flow devices 20a-n are placed spaced apart in the

horizontal segment 14a of the wellbore 14. For the purposes of this
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disglosuﬁ, a flow control device Is gen fally designated by numeral 26. The
conatmciion and operation of a i;ovel 'flow control devioe for use as the flow
control devices 20 are described below in referem_:e to AIGS ZA-B However,
for the purpose of this invention, any suitable flow control device may also
be used. The sgacings between the flow control devices 20 are determined

based on the characteristics of the reservoir 11, as described in more detail

later.

Each .ﬂow control device 20a-n includes a flow valve and a control
unit. The devices 20a-n are respectively shown to contaiﬁ flow regulation
devices such as valves, valve.s 24a-n and control units 26a-n. For the
purposes of this invention, a flow control device is generally designated by
numeral 24 and a control unit is generally designated by numeral 26. Also,
for the purpose of this invention, flow contrel valves 24 shall mean to
include any device that is utilized to control the flow of fiuid from the
reservoir 11 into the wéllbore j4.and control units .26 -shall mean to include
any circuit or device that controls the flow valves 24,

When the wellbore is in prbduction phase, fluid 40 flows from the
formation 11 into channels 22a - 22n at each flow contro} device, as shown
by the arrow 22a’-22n°. The flow rate through any flow control devices 20

will depend upon the setting of its associated flow control valve 24. For the

o —— S — rv—.
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purpos of. illustration, the flow rates assoclated with the fl w control
devices 20&209 are respectively designated by Q,-Q, corresponding to
production zones 2,-Z, of the formation 11. |

Still referring to FG. 1, ém flow control device 20a-20n or zone 2,-
2, may have any numbei of devices and sensors for determining selected
forrnatio'h and wellbore parameters. Elements 30a-30n respeoﬁvely
represent such devices and sensors corresponding to flow control devices
208-20n or zones Z,-Z,. Such devices and sensors are generally designated
by numeral 30. Devices and sensors 30 preferably include temperature
sensors, pressure sensors, differential pressure sensors for proviaing ‘the
pressure drop between selected locations corresponding to the production
zones Z,-Z,, flow rate devices, and dévices for determining the constituents
(oil, gas and water) of the formation fluid 40. Packers 34 may be
selectively placed in the wellbore 14 to prevent the passage of the fluids

through the annulus 39 between adjacent sections. -

. The control units 26a-26n control the operation of their associated
flow control valves 24a-2dn. Each control unit 26 preferably includes
programmable devices, sucgh as microprocessors, memory devices and other
gircuits for controlling the operation of the fiow control devices 20 and for

communicating with other sensors and devices 30. The control units 26

10
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aiso mayA be adapted t receive signals and data from the devices and
sensors 30 and to process such information to determine the downhole
conditions and paremeters of interest. The control units 26 can be
programmed to operate their correspondmg flow control devices 20 based
upon stored programe of commands provided from‘an extemnal unit. They
preferably have a-two way commuqication with a surface control system 50.
The surface control system 50 préferably is 8 computer-based system and
is coupled to 3 display and monitor 52 and other pc.adpherals, generally
referred to by numeral 54, which may include a recorder, alarms, satellite

communication units, etc.

Prior to drilling any wellbore, such as the wellbore 12, seismic surveys
are made to map the subsurface formations, such as the formation- 1, K
other wellbores have been drilled in the same field, weil data would exist for
the fleld 11. AIll such mformauon is preferably utnhzed to simulate the
condition of the reservolr 11 surrounding the wellbore 14. The reservoir
simulation or model is then utilized to determine the location of each ﬂow

control device 20 in the wellbore 14 and the initial flow rates Q,-Q,. The

flow control devices 20a-20n are preferably set at the surface to produce
formation fluids therethrough at such initial flow rates. The flow control

devices 20a-20n are then installed at their selected tocations in the wellbore

11

PPORETERE SR bl L dx I Sve SRS
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14 by any suitable method known in the art.

The production from each flow control device 20 achieves a certain
initial equilibrium. The data from the devices 30a-30n is processed to
determine the fluid constituents, pressure drops, and any other desired
parameters. Based on the results c;f the computed parameters, the initial or
starting reservoir model is updated. The updated model is then utilized to
determine the desired flow rates for each of the zones Z,-Z, that will
substantially equalize the production from the reservoir 11. The flow rate
through each of the flow contro! devices 208-20n is then independently
adjusted so as to uniformly deplete the reservoir. For example, if a particular
Zone starts to produce water at more than a preset value, the flow control
device associated with such zone is activated to reduce the production from
such zone. The fluid praduction from any zone producing mostly water. may
be completely turned off. This method allows manipulating the production
from the reservoir 50 as 1o retrieve the most amount of hydrocarbons from
a 'lgiven ‘reservoir. .Typically, the flow rate from each producing zone
decreases over time. The system of the present invention makes it possible
to independently and remotely‘ adjust the flow of fiuids from each of the

producing zones, without shutting down production.

12
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The contr | units 26a-26n may ¢ mmun-iéate with each other and
control the fluid flow through their associated flow control devices to
optimize the production from the wellbore 14, The instrucﬂons for
controlling the flow may be programmed in downhole memory (not shown)

associated with each such control unit or in the surface conwol unit 0.

- Thus, the present invention provides a fluid flow contral system 10, wherein

the flow rate associated with a number of producing zones Z,-Z, may be
inde‘penderitly adjusted, without requiring physical intervention, such as a
shifting device, or requiring the retrieval of the flow control device or

requiring shutting down production.

The surface control unii 50 may be programmed to displa‘y on the
display unit 52 any desired infofmafion, including the position of each flow
control valve 24a-24n, the flow rate frorﬁ each of the producing zones Z,-Z,,
oil/water content or oil and gas content, pressure and temperature of each
of the producing zones Z,-2,, and pressure drop across each flow control
device 208-20n.

| Still referring to AG. 1, as noted above, the system 10 éomains
various sénsor; distributed along the wellbqr.e 14, which provide information
about the flow rate, oil, water and gas content, pressure and temperature of

each zone Z,-Z,. This information enables determination of the effect of

13
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each production zone 2,-Z, an the reservoir 11 and provides early warnings
about potential problems with the wellbore 14 and the reservoir 11. The
information is also uﬂlized td‘ determine when to perform remedial work,
which may include cleaniﬁg operations and 'injection operations. The system
10 is utilized to determine the location and extent of the injection operations
and4 also to monitor the injéction operations. The system 10 can be operated
from the sut;faoe or made autonomous, wherein the system obtain.s
information about downhole param'eters. of interest, communicate
information between the various devicés, and takes the necessary actions
based on programmed instructions provided to the downhole control units
26a-26n. The system 10 may be dgsignqd wherein the downhole control:
units 16a-16n communicate selected results to the surface, communicate
results and d‘ata to the surface or operate valves 24a-24n and 30a-30n

based on commands received from the surface unit 50.

FIG. 2A shows a_partial schematic view of a flow control device 200
for use in the system of FIG. 1. The device 200 has an outer sand control

element 202 end an inner cylindrical member 204 together forming a fluid
channel 206 therebetween. -'Fo.rmatic-m fiuid enters the channel 206 via the

sand control element 202. The channe! 206 delivers the formation fluid 210

to one or more spiral tubings or conduits 214 or tortuous paths, which

14
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reduce the pressure drop between the inlet and the outlet f the spiral
tubings 214.' The fluid 210 leaving the tubings 214 is discharged into the

production tubing 220 from where it is transported to the surface.

FIG. 2B shows a partial cut-off view of a sand control section 235 for
use with the flow control device 200 of FIG. 2A. It includes an outer shroud
235 which has alternating protruded surfaces 240 and indented or receded
surfaces 242. The protruded surfaces 240 have sides 244 cut at an angle
providing é vector design. This vector design inhibits the impact effect of
the formation fiuid on the shroud 235 and the screen 260, which is disposed

inside the shroud 235.

FIG. 3 is a schematic illustration showing a control unit for controlling
the flow through the flow control device 200 of FIG. 2. FIG. 3 shows four
tubings 214 numbered 1-4 and helically placed around the tubular device
204 (FIG. 2A). The tubings 1-4 mat} be of different sizes. A flow control
device at the output of each of the tubings 1-4 controls the fluid flow
through its associated tubing. In the example of AG. 3, valves 310a-310d
respectively control flow through tubings 1-4. A common flow control
device (not shown) may be utilized to control the flow of fluid through the

tubings 1-4. Flow meters and other sensors, such as temperature sensors,

15
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pressur sensors etc. may be placed at any suitable locati n‘ in the device
200. In FIG. 3, flow measuring devicgs 3142-314d are shown disposed at
the tubing 14 c;utlets. The output from the tubings 1-4 is reépecﬁvely
shown by q;-q,- A suitably disposed control unit 330 controls the operation
of the valves 310a-310d and receives information from the devices 314e-
314d. The control unit 330 also processes information from the various
suitably disposed dyvices and sensors 320 that prefera!?ly include: resistivity
devices, devices 10 determine the constituents of the form;tion fluid,
temperature sensors, pressure sensors and differential pressure sensors, and
communicates such information to other devices, including the surface

control unit 50 (FIG. 1) and other control units such as contro! units 26a-268n

(FIG. 1).

FIGS. 4 and § illustrate examples of flow rates from muiltiple reservoir -
segments. In FIGS. 4 end 5, the flow retes Q,-Q,, correspond to the zones
Z,-Z,shown in FIG. 1. The actusl fiow retes are determined as described
above. By manipulating the flow rates Q,-Q,. optimum flow rate profile for
the reservoir can be obtained. The total reservoir flow rate Q shown along
the vertical axis is the sum of the individual flow rates Q,-Q,. Here the fluid
regulating device (such as 310a-310n, FIG 7) utilized to control the fluid

discharge from the tortuous path operates at a fluid velocity where the fluid

16
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flow from-th formation is substantially insensitiv to pressure changes in

the formation near the. flow control device and, thus, acts as a control valve
for controlling the fluid discharge from the formation. This is shown by the

position between dotted lines in FIG. S, where Ap is the pressure drop.

FIG. 6 shows how adjusting the flow rate Q can reduce or eliminate
production of unwanted fluids from the reservoir, It shows the potential
impact of adjusting the f!ow rafe on the prodqction of constituents of the
tormation fluid. Q, denotes the oil flow rate and Q,, denotes the water flow
rate from a particular zone. As the formation fluid flow continGes over time,
the water production Q,, may start to increase at time T, and continue to
increase as show‘n by the curved section 602. As the water production
increases; the oil production décre‘as%. as shown by the curved sections
604. fhe system of the present invention would adjust the flow rate, i.e.,
increase or decrease the production so s to reduce the water production.
The example of FIG. 6 shows that decreasing the overall production Q from
level 610 to 612 reduces the water production from fevet 608 to Iev.el 609
and'sﬁbﬂizes the oil production at level 620. _Thus, in the present ipvention,
the overall production from ‘a reservoir is optimized by' manipulating the
production flows of the various .production zones. The above described.

methods equally apply to production from multi-lateral wellbores.

17
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'FIG. 7A-7C show an altemative method of equalizing production from
a horizontal wellbore. FIG. 7A shows a Horizontal wellbore with zones 702,
704 and 706 having different or contrasting permeabilities. The desired
production from each of the zones is determined aécording to the reservoir
model available for the wellbore 700, as described above.. To achieve
equalized production from the various zones, a flow control device 716 in
the form of a relatively thin liner is set in the welllbore 700. The liner 710
has openings corresponding to the areas that are selected 10 be produced in
p'roportion to the desired flow rates from such areas. - The openings are
preferably set or made at the surface prior to installation of the liner 710 in
the wellbare. To install the liner 710, an expander device (not shown) is
pulled through the inside of the Iim;r 710 to create contact between the
formation 700 and the liner 710. A sand control liner 712 is then run in the
wellbore to ensure borehole stability when the wellbore is brought to
production. Thus, in one aspect, this method comprises: drilling and logging

a wéllbore; determining producing and isolated intervals of the wellbore;

installing reservoir inflow control system; installing a production liner in the

wellbore; installing a production tubing in the wellbore; and producing -

formation fluids.

18
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While the foregoing disclosur is directed to the prefarred
embodiments of the invention, various modifications will be apparent to .
those skilled in the art. It is intended that all variations within the scope and

spirit of the appended claims be embraced by the foregoing disclosure.

19
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Claims:

1. A system for producing formation fluid through a production tubing in a

welibore formed in a formation comprising:

(a) at least one fuid flow device disposed in the wellbore, each
said at least one fluid flow device having a fiow line reducing
pressure between an inlet receiving such fluid and an outiet
discharging said fluid into the production tubing;

(b) A flow regutation device controlling the fluid discharge from

| each said flow line; and |

() A control unit for controfling the operation of the flow regulation
device to control the fluid flow into the production tubing.

2. The system of claim 1 wherein the at least one fluid flow device
includes a plurality of spaced apart fluid flow devices arranged serially in the
welibore.

3. The system of claim 2 wherein the contro! units control the flow of

formation fluid through each fluid flow device.

4. The system of clalm 3 wherein the control units control the flow upon

receiving a command sign from a remote location,

20



10
11
12
13
14
15
16
17
18
19
20

21

5. The system of any preceding claim wherein th flow line is a tubing helically

amanged around a tubular member, providing a tortuous path for the flow of
formation fluld th_e'relhmugh.

6. The system of any preceding claim wherein the flow line indicates a plurality of

tortuous flow paths and the control device controis the flow of the formation
fluid through said tortuous paths.~

7. The system of any preceding claim wherein each control unit operates

independéntly to substantially uniformly deplete the resefvoir.

8. The system of any preceding claim further comprising a sensor in the well bore

providing measurements for a downhale production parameter.

9. The system of claim 8 wherein the control unit operates the flow

regulation device as a function of the dowrihole production parameter.

10.  The system of claim 9 wherein the dcwnhole production parameter is

one of (a) temperature, (b) pressure,(c) flow flow rate, and (d) resistivity.
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11. A sand control device for use in a welibore comprising:

(@)

(b)

a shroud having plurality of altemating protruded surfaces and
receded surfaces with the protruded surfaces having inegulér

-surface adapted to reduce the impact of the formation fluid on

the shroud; and

a screen disposed in the shroud for preventing the flow of
certain particulates from passing the screen. '

\

12. A method of equalizing production from a wellbore having a plurality

of production zones comprising:

(a)

(b)

(©)

Conveying an expandable liner into the wellbore, said
expandable liner having flow paths adjacent each production
Zone for allowing the formation fluid to flow from the production
zones into the wellbore; and ’ .
expanding the liner within the well to place said liner in contact
with the wellbore walls; and

placing a sand control device adjaeent each flow path in sald

liner.

-

13. A system for producing formation fluid through a production tubing in
a wellbore formed in a formation substantially as hereinbefore described
with reference to the accompanying drawings.
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14. A sand control d vice for us in a wellbore substantially as
hereinbefore described with reference t the accompanying drawings.

15. A method of equalizing production from a wellbore having a plurality

of production zones substantially as hereinbefore described with
reference to the accompanying drawings.
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